We have used molecular dynamics methods to investigate the effects of cyclic chain architecture on the properties of dilute solutions. In order to include solvent effects in estimating these properties, we use a van der Waals scaling factor determined for each solvent by matching to the theta condition. We predict that the theta temperature ͑͒ of cyclic PE ͑c-PE͒ is ϳ10% lower than for the linear case ͑l-PE͒. This can be compared to the experimental results for polystyrene ͑PS͒, where for cyclic PS is 2% lower. For conditions corresponding to n-pentane solvent, we predict that ͗R g 2 ͘ cyclic /͗R g 2 ͘ linear is 0.59 for all temperatures above 350 K. The deviation from the ratio of 0.50-0.53 expected from analytic theory is due to the competition between chain stiffness and excluded volume effects. To calculate the intrinsic viscosity of c-PE and l-PE we extended the Bloomfield-Zimm type theory to include chain stiffness corrections. We find that for the theta temperature, the ratio of viscosities for c-PE and l-PE is 0.71, which is 7% higher than the value of 0.66 from the freely jointed chain model. This difference is caused by the larger value of ͗R g 2 ͘ cyclic /͗R g 2 ͘ linear from the simulations.
I. INTRODUCTION
The recent breakthrough in synthesizing monodisperse cyclic ethylene by the Grubbs group 1 stimulated us to investigate the effects of cyclic chain architecture on the properties of dilute solutions. Since the properties of dilute polymer solutions depend upon the spatial distribution of monomeric units and on the number of monomeric unit in a chain, 2-7 the chain architecture ͑e.g., linear, star, comb, or ring͒ will affect the hydrodynamic properties even with the same number of monomeric units. The unique topology of having no chain ends make cyclic chains of particular interest. [8] [9] [10] Thus, the observation that viral DNA can be circular [11] [12] [13] [14] [15] [16] [17] [18] stimulated theoretical studies to predict the difference between cyclic chain and linear counterparts to elucidate the effect of cyclic architecture. The synthesis of cyclic polymers with narrow molecular weight distributions 46 -58 now makes it feasible to verify such theoretical predictions. Kramers 8, 9 estimated that the viscosity ratio between a cyclic polymer and its linear counterpart is 0.5 based on the observation that the dimension of a cyclic chain should be one half of that of linear polymer. A similar result was derived independently by Zimm and Stockmayer. 10 Such considerations ignore both the hydrodynamic interactions and excluded volume effects. Later Zimm 59 extended the Rouse model 60 by introducing hydrodynamic interactions between chain segments in a viscous medium for linear chains, and then Bloomfield and Zimm 20 and Fukatsu and Kurata 21 independently included the effects of hydrodynamic interactions for cyclic chains in dilute solution while the excluded volume effect [61] [62] [63] [64] was included by assuming the KirkwoodRiseman approximation. 65 The result for the theta condition was that ͓͔ c /͓͔ l ϭ0.662 ͑Bloomfield and Zimm͒ and 0.645 ͑Fukatsu and Kurata͒, where ͓͔ c and ͓͔ l are the intrinsic viscosity of the cyclic and linear polymers, respectively. Although in good agreement with each other, these two theoretical approaches employed conflicting assumptions to predict the excluded volume effect, resulting in opposite predictions for the radius of gyration ratio (͗R g 2 ͘ cyclic /͗R g 2 ͘ linear where ͗R g 2 ͘ cyclic and ͗R g 2 ͘ linear are the radius of gyration for cyclic and linear chain, respectively͒. Fukatsu and Kurata found that the R g ratio increases with increasing excluded volume effect, whereas Bloomfield and Zimm found the opposite trend. Consequently, the predicted ͓͔ c /͓͔ l by Bloomfield and Zimm is decreased faster than that by Fukatsu and Kurata. Later, Yu and Fujita 4 improved the formula suggested by Bloomfield and Zimm, leading to the same trend as Fukatsu and Kurata. On the other hand, using excluded volume theory based on perturbation theory, 66 Pyun and Fixman 67, 68 calculated the intrinsic viscosity of linear chain without the Kirkwood-Riseman approximation and found a 5% smaller value of intrinsic viscosity. Later, Fixman pointed out that, in the KirkwoodRiseman approximation, a polymer chain would maintain its instantaneous confor mation during rotation or translation and hence this formalism neglects thermal fluctuation of the chain conformation. 69 On this basis, Imai predicted the dependence of intrinsic viscosity ratio on solvent power, reaching qualitative result similar to the Bloomfield-Zimm type theory. They pointed out that the Bloomfield-Zimm type theory overestimates chain stiffness effects. compared directly to experimental observations 46 -58 in various solvents. Since these theories are derived assuming the simple freely jointed chain model, they cannot treat chain stiffness, which arises from local interactions between nearby neighboring segments. 3, 4, 20, 21 Consequently, we developed a theory to include the role of chain stiffness ͑which depends on the specific polymer͒ in the presence of excluded volume effects.
In this paper we focus on the effect of cyclic chain architecture with unknotted topology on dilute solution properties of polyethylene in various solvents by combining molecular dynamics ͑MD͒ simulations with the BloomfieldZimm type analytic theory. 4, 20 
II. MODEL AND SIMULATION METHOD

A. Force field
The methylene (CH 2 ) and methyl (CH 3 ) groups in polyethylene were treated as united atoms, that is, each CH 2 or CH 3 unit was treated as a single neutral pseudoatom centered at the C. The force field for this coarse-grained polyethylene model uses valence terms of the form
where the parameters are summarized in Table I . It is based on the Siepmann-Karanorni-Smit force field [70] [71] [72] developed to describe thermodynamic properties of n-alkanes. The van der Waals ͑vdW͒ interactions are described with LennardJones 12-6 potentials,
allowing different parameters for CH 2 and CH 3 groups. The off-diagonal vdW interactions are defined by the geometric mean combination rule:
The nonbonded interactions between 1-2, 1-3, and 1-4 neighbors were excluded. This force field was tested extensively by Smit and co-workers, [70] [71] [72] [73] for n-alkanes ranging from pentane (C 5 ) through octatetracontane (C 48 ) and is successful in describing both vapor-liquid phase equilibria and surface tension.
To include solvent effects without the enormous cost of explicitly treating huge numbers of solvent molecules in MD simulations, we decreased the strength D 0 of the nonbonded interactions. The idea is that ͑i͒ in a poor solvent ͑e.g., vacuum͒ the chain has a tendency to fold into a globule at lower temperatures; this folding into a globule is opposed by exclusion effects ͑vdW͒ and chain stiffness, ͑ii͒ a good solvent will tend to dissolve the components of the chain so that the van der Waals interactions experienced by each atom arises mostly from the solvent, leading to a very open polymer chain topology.
To mimic such effects with an implicit model, we screen the total van der Waals interaction as in the following:
͑2͒
The solvation scale factor f in Eq. ͑2͒ changes only the energy well depth without changing van der Waals radius. That is, we assume that positioning solvent molecules between polymer segments affects both the repulsive interaction and the attractive interaction to the same extent. Thus, the source of screening of van der Waals interaction is just the solvent molecules occupying the space between polymer segments. Here solvents with different screening efficiency or different solvent power will lead to a different scaling factor, f. This is similar to using a dielectric constant to mimic the screening of the charge-charge interactions by a solvent. Previously, Sariban et al. 74, 75 and Ryckaert and his co-workers 76 studied properties of polyethylene at the theta condition by introducing a reduced dispersion parameter, ␤, in the Lennard-Jones potential: 
where ␤ is between 0.0 and 1.0. Here the theta condition was found by adjusting the value of ␤ at a given value of ⑀. Both groups reported a value for ␤ around 0.5 at 400 K, but the physical meaning of this ad hoc parameter, ␤, has not been thoroughly discussed. Equation ͑3͒ leads to a vdW radius of
which increases with decreasing ␤ while the vdW energy of D 0 ϭϪ⑀␤ 2 becomes weaker with decreasing ␤. Thus ␤ balances the attractive and repulsive interactions due to the solvent, allowing the chain expansion resulting from excluded volume effects to be compensated.
B. Molecular dynamics
Our molecular dynamics studies used the Nose-Hoover thermostat [77] [78] [79] [80] to maintain the temperature. The van der Waals interactions were calculated for all pairs of atoms without a finite cutoff distance.
We considered cyclic and linear polyethylene for chains with 200, 300, 400, and 600 atoms using CERIUS2 ͑from Accelyrs Inc.͒ 81 and MPSIM. [82] [83] [84] [85] To prepare the cyclic chains, we first built an ordinary linear chain and then brought the two chain ends gradually closer and closer by applying successive decreased distance constraints and minimizing the energy. After the two chain ends were close enough to make a covalent bond, we formed a bond between them. Before data collection, all the chains were equilibrated using 2 ns NVT MD simulation at each temperature. The van der Waals repulsion between various parts of the ring causes the initial unknotted topology to be retained throughout the simulations, i.e., bond crossing is not possible. Figure 1 shows some typical results. We generally carried out the MD simulations for 20 ns at various temperatures with three scaling factors: f ϭ0.25, 0.50, and 1.00.
III. DIMENSIONS OF LINEAR AND CYCLIC CHAINS IN SOLUTION
A. The Flory exponents
The mean square radius of gyration of cyclic and linear polyethylene was calculated from the trajectories generated during MD simulations at various temperatures, by
where r i denotes the position vector of each united atom (CH 2 or CH 3 ) and r c.m. denotes the position vector of the center-of-mass for the chain. Kramer 8, 9 and Zimm and Stockmayer 10 suggested that the radius of gyration of cyclic and linear freely jointed chain has the following relationship with the number of bonds in a chain:
where b is the bond length. These relationships are valid only at the theta condition where the effects of excluded volume are compensated by the solvent. In order to study the chain dimensions for various solvents, Eqs. ͑5a͒ and ͑5b͒ have been extended as follows:
where , the excluded volume parameter, is defined as ϭ2Ϫ1, and is the Flory exponent. It should be noted that Eqs. ͑6a͒ and ͑6b͒ express asymptotic relationship of chain dimension with molecular weight ͑or chain length͒ which are valid at large N. So far, the Flory exponent, has been extensively studied through various theoretical frameworks such as the perturbation theory, the exact enumeration, the mean-field theory, and the renormalization group theory and all these theoretical works converge to the common feature in which it is governed by the excluded-volume-effect and has the value of 0.588 for a good solvent and 0.333 for a poor solvent, while the value is 0.5 for the theta condition. For various values of solvent shielding, f, we calculated ͗R g 2 ͘ as a function of N for a range of temperatures. Figure 2 shows typical results for ͗R g ͘ for cyclic and linear PE including its autocorrelation behavior. Through 20 ns of simulation time, it is obvious that chain samples conformational phase space sufficiently and that the autocorrelation decays rapidly ͑within 0.5 ns͒. This indicates that 20 ns is sufficiently long to obtain converged results. Typical results are shown in Fig. 3 for a solvent scale factor of f ϭ0.25 with temperatures from 200 to 600 K in 50 K increments ͑addi-tionally, 328 K was simulated for linear polyethylene͒. Here, we see that
where the Flory exponent is evaluated from the slope of each linear regression curve, as shown in Fig. 4 and Table II . The value of decreases from ϳ0.58 for a good solvent to 0.3 for a poor solvent. These results are similar to the Monte Carlo studies using finite chain length [86] [87] [88] which find the stepwise transition behavior smeared over a temperature range, as in our simulation. We expect that this smearing range will decrease as the chain length is increased.
B. The theta temperature
The point at which the intermolecular interactions with the solvent exactly compensate the excluded volume effects due to intramolecular interactions between polymer seg-FIG. 2. ͑a͒ Time evolution of the radius of gyration for cyclic and linear PE for the case of Nϭ600 carbons with solvent scaling ratio of f ϭ0.25. Here Tϭ300 K for cyclic PE and Tϭ328 K for linear PE ͑their respective theta temperatures͒. ͑b͒ The autocorrelation functions for the trajectory in ͑a͒. This is called the theta temperature ͑͒. From Eq. ͑7͒ we see that the Flory exponent is ϭ0.5 at Tϭ. The calculated values of for various f are collected in Table III . For cyclic chains the theta condition is found at 300 K for f ϭ0.25, at 600 K for f ϭ0.50, and at 1195 K for f ϭ1.00. For linear chains the theta condition is found at 328 K for f ϭ0.25, at 650 K for f ϭ0.50, and at 1300 K for f ϭ1.00.
FIG. 5.
Temperature dependence of the mean square radius of gyration normalized by number of bonds in a chain. This is for solvent scaling factor of 0.25. This shows that the condition is at 300 K for c-PE and at 328 K for l-PE. The error bars correspond to the rms deviation calculated by considering the 20-ns-long trajectory as 10 uncorrelated 2-ns-long segments. Figure 5 shows the predicted value of ͗R g 2 ͘/(NϪ1) as a function of chain length for various temperatures for a solvent scaling factor of f ϭ0. 25 . We see that for Tϭ300 K this ratio is independent of chain length, establishing that ϭ300 K for cyclic polyethylene with f ϭ0.25 solvent, in agreement with the results in Fig. 2͑a͒ . Similarly, Fig. 5 leads to ϭ328 K for linear PE in agreement with Fig. 2͑b͒ . Figure 6 shows that the predicted theta temperature changes linearly with the solvent scaling factor for both cyclic and linear polyethylene, as shown in the following:
T ,cyclic ϭ1192.86f ϩ2.5 for cyclic polyethylene, ͑8͒ T ,linear ϭ1296.57f ϩ3.0 for linear polyethylene ͑9͒ ͑least-squares correlation coefficient of 0.999͒.
The most used solvents have experimental theta temperatures for linear polyethylene between 360 and 460 K. 89, 90 The scale factor corresponding to this range of solvents is f ϭ0.28-0.35, 89, 90 which is indicated by the vertical lines in Fig. 6 . In this range of solvents ͑theta temperatures between 331 and 423 K͒, we predict that the theta temperature of cyclic polyethylene is lower than that of linear polyethylene by 29-37 K or about 10%.
C. Characteristic ratios
The characteristic ratio is defined only at the theta condition as shown in the following: The value of the characteristic ratio indicates the effect of local interactions on chain conformation in the absence of excluded volume effects. Thus, for a freely jointed chain, this parameter has the value of 1.0. For convenience we discussed C N instead of C ϱ . The calculated characteristic ratios for various solvent scaling factors are shown in Table III . The value of characteristic ratio for linear polyethylene is in good agreement with experimental observations which ranges from 89,90 5.3 to 7.1 with an average of ϳ6.5. Figure 4 shows that at each temperature the Flory exponent of cyclic polyethylene is larger than that of linear for all solvents ( f ). This indicates that cyclic polyethylene experiences a greater excluded volume effect than does linear, as expected.
D. Discussion
Figures 4 and 5 show that the theta temperature of cyclic polyethylene is ϳ10% lower than that of linear polyethylene. Although an experimental for c-PE has not been reported, this depression of due to the cyclic architecture is consistent with experimental studies on polystyrene ͑PS͒, where cyclic PS has ϭ28.0°C, which is 2% lower than the ϭ34.5°C for linear PS ͑at the same molecular weight͒, 46, 47, 56 which was explained in terms of the topological constraint. 27, 28 Table III shows that the characteristic ratio decreases as the theta temperature increases. This implies that the unperturbed dimension of the polymer in a solvent with a higher theta temperature is smaller than that for a solvent with a lower theta temperature. This dependence of the characteristic ratio from this study is also observed experimentally. 3, 91, 92 This result is interpreted as follows. At higher temperature, the population ratio of gauche to trans conformations decreases and polymer segments can easily overcome the conformational energy barrier between gauche and trans state. This can be thought of as a decrease in chain stiffness with increasing temperature. Figure 7 shows that the population in the trans state decreases as the theta temperature increases ͓higher scaling factor ( f )] while the gauche state population increases. This indicates that the chain becomes more flexible at higher theta temperature and has smaller characteristic ratio.
We find that the characteristic ratio of cyclic polyethylene is ϳ20% larger than that of linear PE. This is consistent with the dependence of the theta temperature on the characteristic ratio, since the theta temperature of cyclic polyethylene is lower than for linear PE.
The difference in characteristic ratio leads directly to a difference in the ratio of radius of gyration (͗R g 2 ͘ 0,cyclic / ͗R g 2 ͘ 0,linear ) measured at , as shown in Fig. 8 . We find that this ratio varies from 0.59 to 0.57 for various solvent scaling factors ( f ). This contrasts with the value of 0.5 from previous analytic theoretical prediction based on Eqs. ͑5a͒ and ͑5b͒. Equations ͑5a͒ and ͑5b͒ can be rewritten by including the characteristic ratio at their individual theta temperatures: In investigating the effect of a good solvent on chain conformations, Bloomfield and Zimm assumed that the nonGaussian nature of chain conformation is caused both by the excluded volume effect and by chain stiffness. 20 This led to attempts to extend the concept of the characteristic ratio to describe the effect of local interactions on chain conformation in good solvents. Using 
for linear chain. ͑18͒ Figure 9 shows the extended characteristic ratio calculated for f ϭ0.25 as a function of temperature. This temperature dependence was explained earlier in discussing Table III and Fig. 7 , namely the chain is more flexible at higher temperature. Ignoring the decrease in characteristic ratio with increasing temperature would have led to a chain expansion in good solvents much larger than in our simulations. This indicates that ignoring such effects is an oversimplification. The magnitude of the extended characteristic ratio for cyclic polyethylene is larger than that of linear counterpart at the same temperature, and at the same temperature the excluded volume effect for cyclic chain is greater than for linear chains ͑the cyclic chain architecture effect͒. Thus, the extended characteristic ratio is a function of both temperature and chain architecture. ͗R g 2 ͘ cyclic /͗R g 2 ͘ linear decreases from 0.59 to 0.48 as shown in Fig. 10͑a͒ . This deviation from analytic theory arises because we find that
which also depends on C N,cyclic /C N,linear . In Eq. ͑19͒, two competitive factors affect the behavior of ͗R g 2 ͘ cyclic /͗R g 2 ͘ linear : excluded volume effects and the chain stiffness. The results in Fig. 10͑a͒ show that the contribution of excluded volume effect to ͗R g 2 ͘ cyclic /͗R g 2 ͘ linear is surpassed by the opposite contribution of chain stiffness.
Consequently, the chain expansion of cyclic polyethylene compared to linear polyethylene is smaller than predicted from analytic theory for the same solvent condition. Figure 10͑a͒ compares cyclic and linear polyethylene for various amounts of the excluded volume effect ͑at a given solvent condition͒. However, for comparison to experiment, it is much more useful to consider systems at the same temperature. As discussed in Figs. 3 and 5 , the excluded volume effect felt by a cyclic chain is larger than for linear chain in the same solvent at the same temperature. Thus, to compare properties at the same temperature we must consider different solvent conditions with different excluded volume effects. Figure 10͑b͒ shows that the decrease of ͗R g 2 ͘ cyclic / ͗R g 2 ͘ linear is negligibly small ͑from 0.60 to 0.59͒ as temperature is increased from 350 to 600 K. The decreasing rate of
is smaller than that shown in Fig. 10͑a͒ because the comparison at the same temperature means that cyclic polyethylene has larger excluded volume effect than linear counterpart. Remarkably, Lutz et al. 56 reported that ͗R g 2 ͘ cyclic / ͗R g 2 ͘ linear ϭ0.53 for PS in a good solvent, which is the same as Roover 47 reported for the theta temperature for the same polymer using the same solvent. Thus, previous experimental comparisons between cyclic and linear polymer can be explained consistently by considering the relationship between temperature and solvent condition plus the distinct behavior of characteristic ratio according to the chain architecture.
IV. HYDRODYNAMIC PROPERTIES
A. The simplified Oseen tensor
To characterize the effect of chain architecture on hydrodynamic properties, we calculated the intrinsic viscosity by combining our MD results with the modified analytic theory in which chain stiffness is described by the characteristic ratio. The hydrodynamic interaction between ith and jth segment in a polymer chain far apart from each other by distance R i j in a fluid is obtained by Oseen tensor (T i j ) in Eq. ͑20͒ which was simplified by Kirkwood and Riseman as shown in Eq. ͑21͒,
͑20͒
͗T i j ͘ϭ
͑21͒
where I is a unit tensor and 0 is solvent viscosity. In this approximation, the hydrodynamic interaction between every pair of polymer segments is treated as an averaged quantity according to the statistical conformations of polymer chain, ͗1/R i j ͘. Thus, instead of ͗1/R i j ͘ calculated from freely jointed chain in Eqs. ͑22a͒ and ͑22b͒ for cyclic and linear chain, respectively, 4, 20, 21 ͗T i j ͘ϭ
for cyclic chain, ͑22a͒
for linear chain, ͑22b͒
we introduced explicitly the characteristic ratio into ͗1/R i j ͘ as shown in the following:
for cyclic chain, ͑23a͒
for linear chain. ͑23b͒
B. The viscosity
The equations in Sec. IV A lead to analytic equations for intrinsic viscosity of both cases in the following:
This becomes
where N A is Avogadro's number, M is molecular weight of the polymer, and j Ј is an eigenvalue from diagonalizing the position-to-velocity transformation matrix in the analytic theory 4, 20, 93 which is given in the following:
for linear chain, ͑27a͒
where ␦ϭ(1ϩ)/2.
In order to calculate the value of intrinsic viscosity, the excluded volume parameters were determined from the Flory exponents shown in Figure 11͑a͒ shows that the intrinsic viscosity decreases with increasing excluded volume parameter from the theta condition ͑ϭ0͒ to the good solvent condition ͑ϭ0.17͒, and simultaneously, the value of ͓͔ cyclic /͓͔ linear monotonically decreases from 0.71 to 0.64, in good agreement with analytic theoretical predictions. 4 The value of ͓͔ cyclic /͓͔ linear at the theta condition, 0.71, is slightly larger than the prediction from analytic theory, 0.66. This is probably caused by the larger value of ͗R g 2 ͘ cyclic /͗R g 2 ͘ linear ϭ0.59, compared to the analytic theory value, 0.5. We believe that this can rationalize the experimental observations 95, 96 in which intrinsic viscosity ratio of polystyrene decreases from 0.71 to 0.62 along with the solvent condition. On the other hand, the ratio of viscosity at the same temperature need not exhibit such simple behavior in Fig. 11͑b͒ . This is seen in the different shape of the curves for the intrinsic viscosity around T ϭ350 K, which is probably due to the difference in the decreasing rate of the intrinsic viscosity with temperature. Indeed, the comparison between the experimental intrinsic viscosity of cyclic and linear polymers for PS ͑leading to the value of 0.66͒ was performed at the theta temperature of linear polymer, not at the individual theta temperature of each case. 47, 56 These results are not consistent with the analytic theoretical predictions, which are valid when the comparison is at the same excluded-volume-free condition. These analytic theory results seem questionable because the cyclic chain experiences more excluded volume effect at the theta condition of linear chain and its characteristic ratio is equal to or larger than that of linear one. Therefore, systematic experimental studies would be useful to confirm the predictions of the analytic theory and to test the predictions from our simulation.
V. SUMMARY
The dilute solution properties of cyclic polyethylene were investigated by combining canonical ͑Nose-Hoover͒ simulations with modified analytic theory.
To predict the temperature dependence of solvent effects, we introduce a solvent scaling factor ( f ) into the van der Waals interaction. The solvent scaling factor is related to the theta temperature, which allows the scaling factor to be estimated for experimental solvents.
We find that the theta temperature for cyclic PE is ϳ10% lower than that of linear PE.
To describe the effects of solvent and chain stiffness over a range of temperatures, we extended the concept of the characteristic ratio ͑originally defined only at the theta temperature͒. We find that the extended characteristic ratio decreases as the temperature is increased, indicating that the chain becomes more flexible with increasing temperature. This allows us to characterize the effect of temperature and solvent on the size of the polymer chains. We find that the extended characteristic ratio of cyclic polyethylene is 6%-13% larger than linear PE ͑at the same temperature͒ for solvent conditions corresponding to n-pentane. This implies that the extended characteristic ratio is influenced by the chain architecture as well as by temperature. We find that ͗R g 2 ͘ cyclic /͗R g 2 ͘ linear decreases from 0.59 to 0.48 as the excluded volume parameter ͑͒ is increased, which is opposite the result of analytical theory based on the freely jointed chain model. We interpret this to indicate that the contribution of excluded volume effect to ͗R g 2 ͘ cyclic /͗R g 2 ͘ linear is surpassed by the competitive contribution of chain stiffness ͑expressed by the characteristic ratio͒.
We find that for n-pentane solvent ͗R g 2 ͘ cyclic /͗R g 2 ͘ linear ϭ0.59 is independent of temperature. This is consistent with experimental observations for polystyrene, where the ratio is 0.53. To calculate the intrinsic viscosity for cyclic and linear polyethylene, we combined the conformational statistics from MD simulations with the Bloomfield-Zimm type theory, introducing the extended characteristic ratio. We find that the value of ͓͔ cyclic /͓͔ linear decreases from 0.71 to 0.64 as a function of excluded volume parameter ͑͒. This value is 7% larger than from analytic theory.
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